Neural stem cells (NSCs) are a multipotent, self-renewing source of undifferentiated cells in the periventricular region of the mammalian central nervous system (CNS). Since their original discovery 25 years ago, much has been learned about their development, persistence, localization, properties and potential. Herein we discuss the current state of knowledge pertaining to neural stem cells with a focus on the lineage relationship between two NSC populations along the neuraxis and their regionally distinct niches in the CNS.
In the 1960s, James Till and Ernest McCulloch performed groundbreaking research that proved the existence of stem cells. 1 Known as the "fathers of stem cell research," their discovery marked the beginning of adult stem cell research. In the last 25 years of neuroscience research, one of the landmark events was the discovery that neural stem cells (NSCs) existed in the central nervous system. 2 This finding defaced the dogma that the adult central nervous system (CNS) was unable to replace lost neurons and glia. Since their original discovery, tremendous strides in the characterization and utilization of NSCs have been achieved. 2 Herein we will discuss the most current understanding of the neural stem cell lineage through development and into adulthood in the periventricular region of the CNS.
Adult stem cells
Most mammalian adult tissues contain resident stem cells. An adult stem cell is defined by 2 cardinal properties. [2] [3] [4] First, is the ability to self-renew and generate copies of itself. This process allows for the maintenance of the stem cell pool (through asymmetric division) or expansion of the size of the stem cell pool (through symmetric division). 5 Stem cell self-renewal depends on the proliferative state of the cell, ranging from a quiescent state to an actively proliferative state. Stem cell quiescence is often viewed as a dormant state with minimal basal activity and is reversible. More proliferative stem cells are found in tissues where cell proliferation compensates for tissue loss throughout the life of the organism. The second property is multipotency whereby a stem cell has the ability to give rise to progeny that generate the different cell types found in the tissue of origin. Resident stem cells throughout the body give rise to cells specific for their tissue of origin. Stem cell progeny, the direct descendants of stem cell proliferation, are considered to have restricted lineage potential and limited self-renewal capacity. Similar to stem cells, progenitor cells have the ability to generate tissue specific cell types by undergoing asymmetric and/or symmetric divisionwith limited longevity. The kinetic similarities between stem and progenitor cells poses a challenge when studying cell lineage through development and into adulthood. 6 Further, significant overlap exists in terms of protein expression between stem cells and their progeny making isolation of these distinct populations challenging. Classic in vitro colony forming assays have allowed for the isolation of clonally derived stem and progenitor populations and permit proliferation and differentiation to be assessed. 2, 7, 8 In vivo, common immunohistochemistry paradigms or fluorescent protein expression in genetically modified rodents has been widely adopted for the isolation and characterization of neural stem and progenitor cells. 2, [9] [10] [11] In the past decades, isolation of distinct populations has been done using cell sorting technologies coupled with marker expression. 12 Most recent advances in single cell analysis (e.g. single cell RNA-seq 13 or retroviral barcoding 14 ) has enabled the sensitivity required to examine distinct cellular phenotypes within heterogeneous populations.
Origin of neural stem cells
During development, a blastocyst forms which contains an inner cell mass comprised of pluripotent embryonic stem cells (ESCs) and an outer layer of trophoblast cells. 15 ESCs give rise to all cells that comprise the embryo whereas trophoblast cells are restricted to generating extraembryonic tissue cells including the placenta and yolk sac. ESCs can be isolated from developing blastocysts in the mouse at embryonic day 3.5 (E3.5). 16 They express various pluripotency markers such as Oct3/4, Sox2, Rex-1 and TERT and can be maintained in culture as pluripotent cells in the presence of leukemia inhibitory factor (LIF). By E6.5, the developing embryo comprises 3 germ layers (endoderm, mesoderm and ectoderm) and at E7.5, neural induction begins where neural cells are specified from the ectoderm through a default mechanism regulated by inhibitory signals from molecules such as the bone morphogenetic protein (BMP) and transforming growth factor (TGFb). 17 Neurulation is the process of neural tube formation, which will ultimately give rise to the brain and spinal cord. 18 The neural tube comprises a relatively homogenous population of neurepithelial cells that will proliferate and expand through symmetric division. By E8.5-10 the patterning of the developing neural tube to form initial specification of the forebrain, midbrain, hindbrain and spinal cord occurs, guided by morphogens such as BMP, fibroblast growth factor (FGF), sonic hedgehog (Shh) and retinoic acid. 19 During this process, neuroepithelial cells can divide asymmetrically to generate a radial glial cell, which has higher levels of notch signaling, and a sibling cell, with lower notch signaling, that adopts a neuronal fate. 20 Radial glia are the precursor cells responsible for the formation of the mammalian cerebral cortex, a process that has been extensively studied by many groups. 21, 22 In the developing embryo, radial glial cells comprise the NSC population that divide symmetrically to increase the size of the NSC pool as well as give rise to progenitors that will migrate away from the periventricular germinal zone where the NSCs reside. The NSC progeny migrate into the developing parenchyma where they form the structures of developing CNS. Toward the end of development, radial glia leaves the ventricular niche and migrates into the parenchyma where they give rise to astrocytes. Lineage tracking experiments using viral constructs and electroporation at embryonic time points to label precursors and radial glia in the developing brain support the hypothesis that a subset of radial glial cells persist in the periventricular region into adulthood as adult NSCs. 21, 23 Neural stem cells can also be characterized during development through protein expression and cytokine responsiveness. There are 2 distinct NSC populations that can be found in the developing CNS. As early as E5.5 (before neural tube formation), a LIF responsive NSC population expressing low levels of the pluripotency marker Oct4, can be isolated using the clonal colony forming assay (neurosphere assay) from the brain germinal zone lining the ventricular space. Known as the primitive NSCs (pNSCs), these cells give rise to all of the cells of the neural lineage and further, can incorporate into developing blastocysts following morula aggregation, suggesting that they may be capable of generating non-neural tissue. 24, 25 This pNSC population peaks during early embryonic development and early postnatally before declining drastically while persisting into adulthood. 10, 25 By E7.5-8.5, a second population of fibroblast growth factor 2 (FGF2) dependent NSCs can be isolated from the developing CNS and by E12.5, epidermal growth factor (EGF) dependent NSCs are observed. 26 By E16.5, these FGF and EGF responsive NSC populations, known as the definitive NSCs (dNSCs) express the intermediate filament protein, glial fibrillary acidic protein (GFAP), a mature astrocytic marker. 26, 27 This marker persists into adulthood in dNSCs that coexpress EGF and FGF2 receptors (Fig. 1) . Throughout development, the NSC populations are found in the periventricular germinal zone of the CNS.
Neural stem cells in the adult brain
In the adult brain, the NSC niche comprises the 2-4 cell layer thick subependymal zone (SEZ) (also referred to as the subventricular zone). 28, 29 The SEZ is immediately adjacent to the single cell layer of ciliated ependymal cells that lines the fluid filled lateral ventricles in the forebrain. Debate between whether ependymal or subependymal cells are the source of dNSCs has persisted for several years but to date, no convincing studies have demonstrated that the ependymal cells are able to give rise to multipotent, self-renewing, clonally derived colonies of cells. The dNSC (EGF and FGF2 responsive) found in the SEZ expresses GFAP and is located within a pinwheel-like structure within this region that is made up of ependymal cells lining the walls of the lateral ventricles. 30 Mirazedeh et al., (2008) demonstrated that dNSCs have their cell bodies within the SEZ and extend one apical process through the ependymal layer to contact the CSF through the center of the pinwheel structure. 30 The basal end feet of the dNSC extend to the blood vessels found along the border of the SEZ and the striatum.
The SEZ is the largest neurogenic region in the adult mammalian CNS, generating functional olfactory bulb interneurons throughout the lifetime of the rodent. Notably, the subgranular zone of the dentate gyrus of the hippocampus also contributes to ongoing neurogenesis throughout life, albeit at a lower level and with more limited cell migration (a distance of a few cell bodies in the dentate gyrus versus a few millimeters in the SEZ). It is important to note that although this is true in rodents, in humans the SEZ (initially a larger pool) becomes exhausted and does not persist in adulthood -whereas the subgranular zone does and contributes to ongoing adult neurogenesis. 31 Neurogenesis in the SEZ results from the asymmetric division of the definitive NSC to give rise to neurogenic progeny (neuroblasts) that proliferate and migrate along the well-defined rostral migratory stream (RMS) to the olfactory bulb where they differentiate into mature interneurons. [32] [33] [34] [35] Since then, multiple groups have shown heterogeneity within the definitive NSC population. Codega et al., (2014) reported 2 distinct states of GFAP/CD133 expressing NSCs within the SEZ: a mitotically active, EGF receptor expressing dNSC and a subpopulation of mitotically quiescent dNSCs, that could be activated to proliferate upon upregulation of EGF receptor and nestin expression. 36 The concept of quiescent vs. activated NSCs was also reported by Mich et al., (2014). 12 They reported a population of pre-GEPCOT cells that expressed high levels of Glast (a mature astrocyte marker) and low levels of EGF receptor and semaphorin receptor Plexin B2. Downstream GEPCOT cells, on the other hand, express lower levels of Glast and high levels of both EGF receptor and Plexin B2. Notably, in all cases the dNSC subtypes can give rise to clonally-derived colonies of neural stem and progenitor cells (i.e. neurospheres) in vitro. While the exact relationship between these different subpopulations of dNSCs is not known, and their lineage relationship is not fully established, it is clear that the SEZ contains subpopulations of quiescent and mitotically active dNSCs in the adult brain.
More recently, a novel NSC was found to exist in the SEZ of the adult brain. Sachewsky et al., (2014) reported the isolation and characterization of an Oct4 expressing, GFAP negative population of adult NSCs, similar to the pNSC population found in development as early as E5.5. 10, 25 The neurospheres derived from Oct4 expressing pNSCs (isolated from Oct4-GFP mice) were isolated in the presence of LIF and were smaller in diameter than the dNSC derived neurospheres. Unlike the dNSCs, which primarily give rise to astrocytes when differentiated in vitro, the differentiation profile of primitive neurospheres from adult brains revealed equal proportions of astrocytes, oligodendrocytes and neurons. The pNSCs were also different from the dNSCs in that they were 100-fold less in number in the adult brain. Sachewsky et al., (2014) also revealed the lineage relationship between the primitive and definitive NSCs whereby the Oct 4 expressing pNSC is found upstream of the GFAP expressing definitive NSC. The authors used in vitro passaging, in vivo ablation studies, and cell transplantation studies to show that a pNSC could give rise to a dNSC; however, the reverse was not seen. The lineage relationship between the different populations of NSCs and their potential roles in vivo following injury or disease, poses interesting questions for future studies.
Neural stem cells in the spinal cord: Are they really different?
The caudal neural tube gives rise to the spinal cord. During development, similar to the forebrain, neuroepithelial cells first divide symmetrically to expand the size of the neural stem cell pool and this is followed by asymmetric divisions to generate progenitor cells that will generate post-mitotic motor, sensory and interneurons between E10-14. 37 Gliogenesis begins after neurogenesis and continues postnatally. Similar to the brain, the germinal zone is found in the periventricular region of the central canal and this shrinks down in the adult spinal cord to be only a few cell layers thick. 37, 38 It is proposed that spinal cord NSCs reside in this periventricular region, with many reports that the ependymal cells are in fact the NSCs. Different from the brain is (1) the ciliated ependymal cells lining the central canal appear to have a low level of mitotic activity under baseline conditions and (2) the spinal cord is a non-neurogenic region. [37] [38] [39] In 1996, Reynold and Weiss first isolated EGF and FGF2 dependent NSCs from the spinal cord using the in vitro neurosphere assay. 40 Since then, several groups have shown that the neurosphere initiating cells reside in the periventricular region lining the central canal and express the ependymal markers FoxJ1 and S100b. 41 Distinct from the post-mitotic ependymal cells in the forebrain, proliferative spinal cord ependymal cells express nestin, GFAP, brain lipidbinding protein (BLBP) and CD15. 38, [41] [42] [43] Interestingly, electron microscopy analysis of the GFAP expressing spinal cord NSCs showed them residing adjacent to the ependymal cells with processes extending between ependymal cells to access the ventricular lumen, similar to what is observed in the SEZ of the forebrain. 44 Along the same lines, Xu et al., recently reported that the GFAP expressing, EGF and FGF responsive dNSC was also found in the adult spinal cord. 11 What had not been shown previously was that the adult spinal cord also harbored a rare population of Oct4 expressing pNSCs, identical to what was seen in the adult SEZ. The spinal cord pNSCs could be isolated through development (starting at E10.5 in the tail bud) and were maintained into adulthood. The group provided support for a similar lineage relationship between the primitive and definitive NSC populations by demonstrating that pNSCs could give rise to dNSCs but the reverse was not true. Hence it appears that similar populations of NSCs are found along the entire neuraxis of the developing and adult CNS.
Factors affecting neural stem cells
There are many types of molecular signals that directly or indirectly influence NSC proliferation, survival, migration and/or differentiation both in vivo and in vitro, including growth factors, cytokines, neurotrophic factors, neurotransmitters and morphogens. These have been extensively reviewed elsewhere. 22, 45 Most of the factors examined looked at their influence on dNSCs (EGF and FGF2 responsive). Leeder et al., (2016) are among the first to study the behavior of pNSCs in response to exogenous factors. 46 Basing their study on receptor expression on pNSCs derived from ESCs, they demonstrated that inhibitors of C-kit and ErbB2 selectively increased the size of pNSC pool (more neurospheres following in vitro exposure and in vivo exposure to specific receptor blockers) with no concomitant effect on the dNSC pool. The ability to selectively manipulate the primitive and definitive NSC pools leads to more questions regarding their potential roles in homeostasis and in response to injury.
One of the more interesting observations regarding factors that regulate NSC behavior was the recent work that illuminated the role of mature myelin on NSC activation. Xu et al., (2016) found that myelin basic protein (MBP), a mature constituent of mature myelin, is able to regulate the proliferation of both primitive and definitive NSCs. 11 MBP is normally found in the cytosolic leaflets of oligodendrocyte foot processes that wrap around and myelinate neuronal axons. 47 NSC cultures containing extracellular endogenous spinal cord derived MBP or pure exogenous MBP however, revealed a dose e1300037-4dependent inhibition of proliferation of spinal cord NSCs (both primitive and definitive NSCs). Since MBP is not normally found within the extracellular microenvironment of uninjured tissue, but is found following injury (or in primary spinal cord NSC cultures) when mature oligodendrocytes are damaged/degenerating, this finding highlights the significance of environmental influences on NSC based strategies to promote tissue repair. Indeed, MBP in the damaged spinal cord can negatively impact both endogenous and exogenous NSCs to impair their proliferative capacity and subsequent expansion. Interestingly, other myelin associated protein receptors (such as NogoA 48 ) known to be expressed on neurospheres and their effects on NSC survival and proliferation will be important to consider when developing therapeutic interventions for CNS repair.
Niche-dependent regulation of neural stem cells
Stem cells reside in anatomically specific microenvironments within their tissue of origin termed the niche. This niche is composed of specialized extracellular matrix (i.e., basal lamina), heterologous cell types and various signaling inputs (autocrine, paracrine, humoral, and/or neural) that all work together to regulate the activity of their resident stem cell population as required in that tissue. 49 As mentioned previously, NSCs can be found in 3 welldefined niches in the adult CNS: the SEZ of the lateral ventricles, the subgranular zone of the dentate gyrus in the hippocampal formation, and the periventricular region of the central canal in the spinal cord. 50 What is interesting is that, although all these NSCs arose from the same neuroepithelial cells lining the original neural tube in CNS development, these regionally distinct populations behave differently based on the NSC niche they reside in. For example, NSCs in the brain SEZ and subgranular zone are neurogenic and they actively proliferate and generate progeny that migrate to the olfactory bulb via the RMS or to the granule cell layer in the hippocampus, respectively. [51] [52] [53] [54] On the other hand, NSCs in the spinal cord are aneurogenic and are characterized by their relative quiescence in adulthood. 40 One hypothesis from these observations is that the observed differences in NSC behavior may be due intrinsic differences in the regionally distinct stem cells themselves or alternatively, the differences reflect differential regulation of a common NSC by niche specific factors. Support for latter comes from inter-regional transplant studies in which NSCs removed from their native niche can be seen to adopt proliferation, migration, and differentiation characteristics of the host neural niche that they are transplanted to. 55, 56 Furthermore, it has also been shown that temporally distinct NSCs will respond to the niche in which they are transplanted. For example, NSCs from the aged brain that normally exhibit reduced proliferative and migratory potential can be rescued when transplanted to a younger stem cell niche in a similar region of the brain. 57 Results from these transplant studies strongly support the idea that temporal and spatial differences in stem cell niche play a pivotal role in regulation of stem cell kinetics between these different NSC populations. Translationally this is very appealing, as drugs and/or other small molecules could theoretically be used to modulate the stem cell niche and optimize regenerative therapies using endogenous and/or exogenous stem cell sources.
Injury induced activation of adult neural stem cells
The discovery of distinct populations of NSCs in the adult brain (primitive and definitive NSCs) can potentially provide targets for therapeutic interventions to promote neural repair. It is well established that dNSCs are activated following injury alone, demonstrating increased proliferation (both symmetric and asymmetric division), survival and migration. 45, 58 While the factors that modulate the particular behaviors are not fully delineated, they include neurotrophic growth factors, cytokines, inflammatory signals such as chemokines and reactive oxygen species, neurotransmitters and cell-cell interactions. Sachewsky et al., (2014) demonstrated that stroke injury activated both primitive and definitive NSCs with distinct time courses post-stroke. 10 The pNSCs underwent symmetric division to significantly increase the size of the pNSC pool by 4 days post-stroke. The dNSC pool was similarly increased in size however this was not seen until 7 days post stroke. This sequential activation of primitive and definitive pools supports the hypothesis that the pNSCs may be proliferating to generate the dNSCs (which appear at a later time in development) which can then go on to replace lost cells. The idea that pNSCs are a "reserve" pool of stem cells is an intriguing one and similar to what is see in the haematopoietic system where the true stem cell is thought to be exceedingly rare and brought into cycle following injury or disease.
In cases of SCI injury, several factors contribute to the observed pathology including breaking the bloodspinal cord barrier, necrosis, demyelination, axonal degeneration and an inflammatory response followed by apoptosis and the formation of the glial scar. In the injured mouse spinal cord, periventricular and ependymal cells will proliferate. Xu et al., (2016) and others have shown that injuries sparing the NSC niche lead to definitive NSC migration toward the injury site, as determined by neurosphere formation from cells derived directly from the lesion site; and pNSC proliferation rostral to the injury site. 11, 41, 59 Interestingly, the migration of NSCs to the site of injury is also seen in the brain. Faiz et al., (2015) reported dNSC migration to the site of a stroke lesion within a few days post injury and most intriguingly, the NSCs generated reactive astrocytes which contributed to scar formation in the injured cortex. 60 A sound knowledge of the factors that regulate NSC proliferation migration and differentiation is an important step toward the goal of neural repair.
Conclusion
Herein, we have highlighted that similar populations of NSCs persist along the entire neuraxis, despite regionally and temporally distinct NSC behaviors. This finding reveals the importance of understanding the factors that regulate their behavior to effectively develop regenerative strategies that will undoubtedly be different depending on the region of the CNS lost to injury or disease.
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